Abstract: Hordem murinum is a widespread weedy/wild species, growing in different ecological conditions in Iran. Populations of H. murinum subsp. glaucum (2n = 2x = 14) and subsp. leporinum (2n = 4x, 6x = 28, 42) are found in this region. Inter-retroelement amplified polymorphism (IRAP) markers were used to analyse the genetic diversity of 57 accessions of H. murinum from different regions of Iran, and to examine patterns of diversity related to the taxonomy and geography. Eight IRAP primer combinations amplified a total of 241 distinct DNA fragments sized 150-1400 bp, from which 236 (97.9%) were polymorphic. On average, each primer combination amplified about 30.12 fragments (ranged from 23 to 34) in PCR. The patterns of genetic diversity were closely correlated with taxonomic groups, ploidy levels and geographic origin. Along with the high genetic diversity, three geographic sub-genepools were evident, 1: in the North-Northeast region along the Alborz Mountains, 2: in the West-Northwest region along the Zagros Mountains, and 3: in the Central -Southern region. The genetic diversity in diploids was higher than polyploids. Also genetic diversity in W-NW region along the Zagros Mountains was considerably higher than that of the other regions.
Introduction
The gene pool of Hordeum L. occurring with 11 species (Parsa 1950; Bor 1970) in Iran and its crop (H. vulgare subsp. vulgare), with about 3.45 million tons of barey produced per year is of high importance for this country.
Most of the studies showed H. murinum as a closely related species to H. vulgare (e.g., Taketa et al. 1999; El-Rabey et al. 2002; Blattner 2004 Blattner , 2009 Kakeda et al. 2009 ). H. murinum possessing a center of diversity in Mediterranean region, is an annual, inbreeding di-, tetra-and hexaploid species occurring with three subspecies: murinum (2n = 4x = 28), glaucum (Steudel) Tzvelev (2n = 2x = 14), and leporinum (Link) Arcangeli (2n = 4x, 6x = 28, 42) . Due to the high morphological similarities between the subspecies, they are frequently referred to as "murinum complex" (Rajhathy & Morrison 1962; whereas others considered each subspecies as a distinct species (Bor 1970; Baum & Bailey 1984a , b, 1990 . Populations of subspesies glaucum and leporinum grow in Iran in different habitats with a vast range of environmental conditions.
Hordeum murinum has been investigated using different characters (see for example Booth & Richards 1978; Giles 1984; Giles & Lefkovitch 1986; LindeLaursen et al. 1989; Jaaska 1992; Taketa 2001; Jakob & Blattner 2010; Ourari et al. 2011 ). The auto-or allopolyploid origin of polyploid cytotypes within this complex was subject of many systematic and phylogenetic studies. Rajhathy & Morrison (1962) and Bothmer et al. (1987 Bothmer et al. ( , 1988 Bothmer et al. ( , 1995 believed that the tetra and hexaploid cytotypes of H. murinum are autopolyploid, whereas Blattner (2004) , Jakob & Blattner (2010) , Tanno et al. (2010) and Ourari et al. (2011) provided evidences for allopolyploidy origin of 4x and 6x cytotypes.
Regarding its close relationship with cultivated barley, H. murinum can be considered as a potentially important gene source to probe useful alleles for barley improvement. The fact that the local populations adapted genetically to the environmental conditions through time, stipulates a thorough screening of the Iranian gene pool of wall barely.
The imprecise and variable morphological characters against the precise, reliable and well documenting DNA markers emphasize using the latter as tools in probing genetic diversity in this gene pool. Retrotransposons are often the most abundant and rapidly evolving class of repetitive DNA (Flavell et al. 1992; HeslopHarrison et al. 1997; Kubis et al. 1998 ). They show great intragenomic variation in insertion sites, class and internal domains (Voytas et al. 1992; Vanderwiel 470 P. Sharifi-Rigi et al. 1993). Retrotransposon insertional polymorphisms can be detected by inter-retrotransposon amplified polymorphisms (IRAPs) (Kalendar et al. 1999) . The polymorphisms may then be utilized for evaluating genetic diversity (Boronnikova & Kalendar 2010 ) and for establishing phylogenetic hypotheses.
This study aimed to measure the genetic diversity encountered in H. murinum germplasm across the major areas where it grows in Iran using IRAP markers and to examine the diversity patterns relevant to the subspecies, ploidy levels and geographic regions.
Material and methods

Plant materials
Fifty-seven accessions of H. murinum were collected from different regions of Iran (Table 1, Fig. 1 ) during May-July 2008 and 2009 and these were identified morphologically according to Bothmer et al. (1995) . The accessions and herbarium voucher specimens are maintained in the herbarium of the University of Isfahan. Based on the morphological analysis, 38 accessions were belonging to the subsp. glaucum and 19 were belonging to the subsp. leporinum. Cytological analyses were performed to identify ploidy level of each accession. All accessions of subsp. glaucum were diploid, 3 accessions of subsp. leporinum were tetraploid and remaining 16 accessions were hexaploid. Accession code, ploidy level and locality of the plant materials used in this study are provided in Table 1 .
DNA extraction
The seeds were grown in experimental field and bulked genomic DNA was extracted from young leaves from 10-15 individual plants of each population according to Gawel & Jarret (1991) .
Inter retroelemt amplified polymorphisms (IRAPs)
In order to perform IRAP analysis, 21 combinations of LTR primer pairs derived from barley (Hordeum vulgare; Kalendar et al. 1999 Kalendar et al. , 2000 Manninen et al. 2000; Boyko et al. 2002) and banana (Reverse TY1; Teo et al. 2005) were tested, from which eight primer combinations showed scoreable bands on 2% agarose gels. These were used for IRAP analysis. The primer sequences, retrotransposon source, orientation and other details regarding the primers are shown in Table 2 .
Polymerase chain reaction PCR was performed in total volume of 15 µL, containing approximately 50 ng genomic DNA, 1× PCR buffer, 1.5 mM MgCl2, 10 pmol of each primer, 200 µm dNTP mix and 1 u Taq polymerase. The PCR reaction parameters consisted of: 94
• C 4 min, followed by 35 cycles, 94
• C 1 min, Ta (Table 3) 
Data analysis
Each DNA segment with particular mobility on gel (band) was considered as a dominant allele. The presence (1) or absence (0) of clear and distinguishable bands were scored for each accession. Data were entered into a raw data matrix and genetic similarities among accessions were calculated based on Jaccard (1908) , simple matching and Dice (Nei & Li 1979 ) similarity coefficients using NTSYSpc software, version 2.02e. Genetic similarity based Neighbor-Joining (not shown) and UPGMA dendrograms showing relationships among different populations were constructed using different similarity coefficients.
In order to evaluate the goodness of fit of each dendrogram to our data, the cophenetic matrix (COPH) for each dendrogram was calculated and then these matrices were compared with the respective similarity matrix (matrix comparison) using NTSYSpc software. The dendrogram generated based on simple matching coefficient showed the highest correlation value (r = 76%) and was used for further analysis.
Analysis of molecular variances (AMOVA) was performed to partition the variation among populations, among subspecies and among geographic regions using GenAlex (Peakall & Smouse 2006) . Principle coordinate analysis was conducted for all samples and for each subspecies separately. Correlation between geographic distances and genetic distances (r) was also calculated using Mantel test (Peakall & Smouse 2006) .
Results
All eight IRAP primer combinations amplified 241 multiple DNA fragments from genomic DNA of all 57 accessions of H. murinum with a high polymorphism level among accessions (average = 97.9%; Table 3 ). Fragment numbers ranged from 23 to 34 with an average of 30.12 bands per primer combination. The highest genetic similarity (85.12%) among accessions was observed between Hmg8 and Hmg7, both belonging to subsp. glaucum and collected from the West, and the lowest genetic similarity (47.1%) was found between BARE-1← ATCATTGCCTCTAGGGCATAATTC *Y = C or T; N = A, G, C or T, R = A or G Hmg10 (belonging to subsp. glaucum and also collected from the West) and Hml13 (belonging to subsp. leporinum and collected from the Northeast). There were no notable differences between IRAP dendrograms generated using Jaccard (1908) , simple matching and Dice (Nei & Li 1979 ) coefficients or different clustering methods. In dendrograms (Fig. 2) and principle coordinate analyses (PCoA) plots (Fig. 3 ) generated based on the IRAP data, accessions were divided into groups corresponding with their geographic origin, their ploidy level and their taxonomic affiliation. Four groups corresponding with their geographic origins (group I included Western + Northwestern diploid accessions, group II included Central + Southern diploid accessions, group III included hexaploid accessions collected from the West and Northwest and group IV included mainly tetra and hexaploid accessions collected from the North and Northeast; Fig. 2) were evident in the dendrogram. In PCoA (Fig. 3B, C) an ecogeographical pattern of genetic diversity within each subspecies was found.
The highest polymorphism ratio was calculated in the West-Northwest region along the Zagros Mountains (average = 98.41%) and the lowest one was found in the North-Northeast region along the Alborz Mountains (average = 85.24%).
Patterns of retrotransposon insertional polymorphisms were different among diploids, tetraploids and hexaploids. In the dendrogram (Fig. 2) and PCoA plot (Fig. 3A) the diploid accessions were separated from the tetra and hexaploids. Within the polyploid group, the accessions Hml1 collected from the West (Kermanshah) and Hml19 collected from the North (Tehran) were genetically distant from other polyploids and were separated from others in dendrogram. Among the ploidy levels, the lowest polymorphism percentage (average = 48.41%) was observed in tetraploids (3 accessions) and the highest one (average = 97.04%) was observed among diploids (38 accessions) (Table 3) .
From taxonomic point of view, the IRAP data divided accessions into two groups related to the subspecies with ∼61% genetic similarity (Fig. 2, 3A) . Within the leporinum group (Fig. 2) three tetraploid accessions were clustered together as a subcluster within hexaploids. Retrotransposon insertional polymorphism in subsp. leporinum (average 90.82%; 16 accessions) was lower than that of the subsp. glaucum (average 97.04%; 38 accessions).
Because different retrotransposons may show different insertion patterns, dendrogram based on each primer combination was constructed (not shown). The branching of dendrograms of primer combinations containing Sukula was commonly similar to that of the combined IRAP data, but in dendrograms based on primer combinations containing Nikita the clustering were different and did not follow taxonomy, ploidy level and geographic origin.
In analysis of molecular variance (AMOVA), 16% of the total genetic variation was attributed to the differences among subspecies and 84% was attributed to the differences among populations within each subspecies (Table 4 ). The proportion of geographic regions of the genetic diversity was also calculated for each subspecies from analysis of molecular variance. In subspecies glaucum 6% of total variation was attributed to the differences among geographic regions and remaining 94% was attributed to the variation among populations from each geographic region. In subspecies leporinum these amounts were 9% and 91% respectively (Table 4) .
In Mantel test, correlation between genetic distance and geographic distance matrices was considerably high (r = 0.33, p = 0.01) that means genetic distance increases in parallel with the increase in geographic distance.
Discussion
The wall barley populations are widespread weed plants in Iran, growing in field borders, gardens and pastures. Wide distribution of the species in this region with different ecological conditions can be due to the high genetic variation related to ecological adaptability. Cytological analyses showed that the tetra and hexaploid populations (subsp. leporinum) grow mainly in the North and Northwest, and the diploid popula- Fig. 3 . Two dimensional plot generated by principle coordinate analysis based on IRAPs of (a) all 57 Hordeum murinum, (b) H. murinum subsp. glaucum and (c) H. murinum subsp. leporinum accessions collected from Iran. In a, accessions of two subspecies are clearly separated. In b and c, accessions are separated according to their geographic origin (Hmg = H. murinum subsp. glaucum, Hml = H. murinum subsp. leporinum, W = West, NW = Northwest, NE = Northeast, C = Center, S = South).
tions (subsp. glaucum) are distributed in all geographic regions of the country. Higher retrotransposon insertional polymorphism among diploid accessions was observed in this study that can be interpreted as an indication of higher genetic diversity in diploid populations. These differences in geographic range and genetic diversity among different cytotypes indicate that the diploid populations might be more genetically variable than polyploid cytotypes and adapted to the different ecological conditions, or the polyploid cytotypes are recently established in Iran. In a phylogenetic analysis based upon AFLP data in "murinum" complex by Jakob & Blattner (2010) , tetraploid accessions originated from Iran were grouped away from the polyploid accessions collected from other regions. They interpreted this situation as an indication of establishing H. murinum genotypes in this region for a long time, or recent migration could by chance result in such segregation. Regarding lower genetic diversity detected among polyploids in this study, the second interpretation of Jakob & Blattner (2010) seems to be more reasonable. They also found hexaploid-like ITS sequences in tetraploids from Armenia and Turkey. In this study, tetraploid accessions were dispersed among hexaploids in dendrogram and PCoA 2D plots indicating high genetic similarities between tetra-and hexaploid accessions. Proba-bly similar tetra-and hexaploid genotypes dispersed from the North and Northwest of Iran to Armenia and eastern Anatolia. Despite the hexaploid accessions of subsp. leporinum were collected form long geographic distances, Jakob & Blattner (2010) didn't found any geographic structure within them based on AFLP data, whereas, in this study IRAPs revealed a geographical pattern of diversity in Iran. This can be due to the effect of environment on dispersion and activity of retrotransposons.
In morphological analyses (data not shown) there was no considerable diversity among populations of each subspecies collected from the different regions of Iran, indicating that the possible ecological fitness is not reflected in morphology and thus morphological characters are not reliable indicators of genetic potential of this species.
The diploid accessions were separated from the tetra and hexaploid accessions in dendrogram and PCoA plots what is in accordance with the results obtained from AFLP and Topo6 and ITS sequences (Jakob & Blattner 2010) , indicating that IRAP is a reliable molecular marker system revealing genetic diversity related to the taxonomy. It has been shown that the retrotransposon insertional polymorphism is a useful tool to reveal geographic distribution of genetic variation and infraspecific genetic diversity related to the varieties in Aegilops tauschii (Saeidi et al. 2008) and Hordeum vulgare (Kalendar et al. 1999) . In this study, the within subspecies genetic diversity analyses distinguished all populations and also showed a geography related pattern of genetic diversity within the subspecies.
From the geographic point of view, the diploid accessions collected from the West and Northwest of Iran were separated from those collected from the Center and South of the Country, indicating that the pattern of genetic diversity is correlated with the geographic regions. This situation is also repeated for the accessions of subsp. leporinum in which accessions collected from the North and Northeast were separated from the Western and Northwestern accessions. Based on the abovementioned results, it can be suggested that there are different subgenepools within the H. murinum at each ploidy level, in Iran.
According to the correlation between patterns of retrotransposon insertions and the geographic origin of H. murinum accessions in Iran, an ecogeographical based genetic diversity in this species can be conceived. Correlation between ecological variability and genetic diversity in H. murinum (Ourari et al. 2011 ) and in its allies such as H. vulgare subsp. spontaneum (see for example Nevo et al. 1986; Graner et al. 2003) are documented. Thus, it can be concluded that the genetic diversity within H. murinum may have an ecogeographical basis. Moreover, many reports indicated that retrotransposons respond to various forms of stress and when stress factors in the environment vary ecogeographically, the number of retrotransposons in genome and insertion patterns may vary accordingly (Mhiri et al. 1997; Takeda et al. 1998; Li et al. 2004) , so it is possible that the ecological conditions in Iran favored activity and dispersion of the elements in the genome. Possibly the populations of H. murinum, during their distribution, have encountered different ecological stresses and accordingly diversified genetically that resulted in establishing different subgenepools in different regions (Fig. 1 , groups I-IV in Fig. 2, Fig. 3) .
Retrotransposon insertional polymorphisms clearly separated diploid from polyploid cytotypes (with 61% similarity), indicating that genomes involved in polyploid formation possibly came from different origins and supports the allopolyploidy in H. murinum complex.
It has been shown (Li et al. 2004 ) that increased numbers of bands may correlate with the amplification of retroelements and hence genome size. In this study no significant differences in number of bands among different ploidy levels were found, indicating no correlation between number of bands and genome size caused by different ploidy levels. Correlation between numbers of bands and genome size at same ploidy level can be exceptional in this way.
The IRAP primers are highly transferable among species and genera. It has been shown that IRAPs can reveal levels of diversity that could not be revealed by using powerful co-dominant markers such as SSRs (see Saeidi et al. 2006 Saeidi et al. , 2008 . The results of this study showed that they are reliable molecular markers for study genetic diversity of species such as H. murinum, in particular, for which limited specific SSR markers are available and show low SSR transferability from congener species.
Based on the results of this study the overall pattern of genetic diversity within Iranian wall barley germplasm is as follow: 1) high level of genetic diversity, 2) genetic distances increase in parallel with increase in geographic distance, 3) pattern of genetic diversity is correlated with the geographic regions, taxonomic groups and ploidy levels, 4) presence of different ecogeographical subgenepools in the West-Northwest, Central-South and North-Northeast regions.
It can be recommended that the future studies focus on the adaptation based genetic analyses. We would expect that a greater sampling would be valuable if there was a requirement to search for functional alleles and analysis of genes related to adaptation but not a broad diversity analysis such as that carried out here. It can be suggested that analysis of other measures of genomic variations and additional analysis of cytogenetic markers is required to understand the origin of polyploid cytotypes and in a broader sense, the evolutionary trends of the H. murinum genome. Regarding considerable differences between genepools originated from the Alborz Mountains (North and Northeast of Iran) and those originated from the along Zagros Mountains, greater genetic differences between Central Asia and the Fertile Crescent germplasmas of wall barley can be expected. A comparative genetic analysis between germplasms of these regions may reveal different genotypes or centers of diversity for wall barley like that
